Abstract -This work was conducted to investigate the effect of bisphenol A (BPA) on estradiol (E2) 2-and 4-hydroxylase activities in the liver, kidney and lung tissues of male and female rats. After intraperitoneal administration of BPA to male and female rats for 4 days at 0, 10, and 50 mg/kg, the conversion of the substrate for hepatic and extra-hepatic enzyme activities was measured by GC/MSD. The result showed decreases of body and organ weights at 50 mg/kg BPA of male and female rats. Male hepatic E2 2-hydroxylase activity was inhibited by 68% at 10 mg/kg and by 82% at 50 mg/kg BPA. Female hepatic E2 2-hydroxylase activity was decreased by 46% at 10 mg/kg and by 56% at 50 mg/kg to the control. E2 4-hydroxylase was inhibited by 57 and 57% at 10 mg/kg and 54 and 78% at 50 mg/kg in liver of female and male, respectively. The urinary excretion rate of 2-hydroxyestradiol (2-OHE), androsterone and testosterone in urine of female rats with 50 mg/kg BPA were decreased significantly. The results showed that 50 mg/kg BPA was decreased E2 2-and 4-hydroxylase activities in liver, but not in other tissues. The urinary excretion rates of 2-OHE, androsterone and testosterone were also decreased. In liver, estrogenic enzyme activity were higher in male than female. These results suggest that BPA can disrupt estrogen metabolism by suppressing E2 2-and 4-hydroxylase activities in the liver of male and female rats.
INTRODUCTION
Bisphenol A (4,4'-isopropylidenediphenol, BPA) is a xenoestrogen used in the manufacture of polycarbonate plastics and epoxy resins that are useful as materials of many products, such as reusable milk and food storage containers, baby formula bottles, water pipes, and dental sealants (Brotons et al., 1995; Olea et al., 1996; Feldman, 1997; Noda et al., 1999) . BPA is metabolized to 5-hydroxybisphenol and oxidized to bisphenol-o-quinone via 5-hydroxybisphenol and bisphenol semiquinone in male rats (Atkinson and Roy, 1995a, b) . And DNA adducts with bisphenol-o-quinone were produced in vivo and in vitro. This adduct formation is markedly decreased by known inhibitors of cytochrome P450 (CYP) (Atkinson and Roy, 1995b) . And BPA inhibited various CYP activity in vitro such as CYP1A2, 2A2, 2B2, 2C11, and 3A2 (Hanioka et al., 2000) , suggesting that BPA toxicity is closely related to the metabolism by CYP.
It has been summarized by Zhu and Conney that 17β -estradiol (E2) was metabolized to 2-hydroxy estradiol (2-OHE) and 4-hydroxy estradiol (4-OHE) by E2 2-hydroxylase and E2 4-hydroxylase, respectively (Zhu and Conney, 1998) . CYP1A1, 1A2, 1B1 and 3A4 had high activity for 2-OHE, and CYP1B1 predominantly catalyzed the formation of 4-OHE with other CYP isoforms such as CYP1A1, 1A2, 3A4, and 3A5 (Lee et al., 2003) . Furthermore, these two metabolites were reported to be metabolized to E2-2,3-quinone and E2-3,4-quinone via its semiquinone intermediates, respectively (Zhu and Conney, 1998; Tsuchiya et al., 2005) . These suggest that the metabolic pathways for estrogen may share common enzymes with BPA metabolism since the sequential hydroxylation and oxidation steps were involved in the production of either E2 or BPA metabolites. Therefore, the competition of BPA metabolism with E2 by various CYP isoforms is highly possible. Hanioka et al. (1998) have reported that BPA inhibited CYP-dependent monooxygenase activities including E2 2-hydroxylase activity in the liver of male rats. No reports, however, on E2 4-hydroxylase activity in BPA-treated rats were found, and effects of BPA treatment on E2 2-and 4-hydroxylase activities in different gender and various kinds of organ tissues of rats still need to be studied.
This work is aimed at investigating whether BPA treatment has effects on E2 2-and 4-hydroxylase activities in liver, lung and kidney tissues of male and female rats, and whether it has effects on the change of urinary excretion rate of E2 and testosterone metabolites.
MATERIALS AND METHODS

Chemicals
Bisphenol A (purity＞99%) was purchased from Aldrich (Milwaukee, WI, USA). All other chemicals were obtained from Sigma (St. Louis, MO, USA): benzphetamine-HCl, 17 β-estradiol (purity＞98%, E2), 2-hydroxyestradiol (purity＞ 95%, 2-OHE), 4-hydroxyestradiol (4-OHE), estrone (purit y＞99%), methyltestosterone, androsterone (purity＞ 97%), testosterone (purity＞99%), acetyl acetone, ammonium acetate, acetic acid, corn oil, nicotinamide adenine dinucleotide phosphate (NADP), paraformaldehyde, ascorbic acid, Tris-HCl, KCl, MgCl2, glycerol, sucrose, glucose-6-phosphate, glucose-6-phosphate dehydrogenase, HEPES, BCA-kit reagent, N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA), ethylene-diaminetetraacetic acid (EDTA) and trimethylchlorosilane (TMCS). Methanol and ethyl acetate were purchased from J.T. Baker (Phillipsburg, NJ, USA). All the other chemicals were of analytical grade.
Animals and BPA treatment
Male and female Sprague-Dawley rats (6-week-old) were obtained from Samtako (Osan, Kyunggi, Korea). The rats were acclimated for at least 1 week under the control of constant temperature (23 ± 3°C) and humidity (50 ± 20%). A 12-hr light/12-hr dark cycle was maintained beginning at 06:00 hr. Millipore-filtered tap water and feed (Samyang Co., Seoul, Korea) were provided ad libitum. The Internal Animal Care and Use Committee approved animal handling procedures for the experiment.
The rats were divided into 3 groups (5 rats/group/sex) of control, 10 and 50 mg/kg BPA treatment. BPA (50 mg/ml) was dissolved in corn oil, and 10 mg/ml was prepared by the dilution of 50 mg/ml, and injected (1 ml/kg) intraperitoneally to rats at doses of 10 and 50 mg/kg per day for 4 consecutive days. Control groups were administered corn oil only.
Collection of tissue and urine samples
The urine samples were collected using metabolic cages at intervals of 0-24, 24-48, 48-72 and 72-96 hr in only female rats. The volume of urine collected was measured. One day after the last dose, the rats were sacrificed by decapitation. The trunk blood was collected. The liver, kidney, brain, lung, heart, spleen, thymus, and reproductive organs (testis and seminiferous tubule for male, and ovary and uterus for female rats) were dissected and the wet weight of the organs was recorded. The dissected tissues were frozen on dry ice and stored into a freezer (−75°C) until analyzed.
Preparation of microsomal fractions
According to the method previously reported (Hanioka et al. 1998; Lee et al., 2008) , the liver, kidney, and lung tissues frozen were weighed and thawed. Four volumes of 50 mM Tris-HCl buffer (pH 7.5) containing 0.25 M sucrose, 25 mM KCl and 5.0 mM MgCl2, were added to the weighed tissue to prepare homogenate in a glass-Teflon homogenizer and Overhead Stirrer (Wheaton, Millville, NJ, USA). The homogenate was centrifuged at 9,000 g for 20 min, and the supernatant was collected and further centrifuged (Optima LE-80K; Beckman, Coulter, CA, USA) at 105,000 g for 60 min. The resulting microsomal pellets were suspended with 50 mM Tris-HCl buffer (pH 7.5) containing 0.15 M KCl and centrifuged at 105,000 g for 60 min. The final pellets were suspended in 50 mM Tris-HCl buffer containing 10% glycerol and stored at −75°C until use. The protein content was determined using BCA kit and bovine serum albumin as the standard.
Benzphetamine N-demethylase assay
Benzphetamine N-demethylase activity was determined by measuring the quantity of formaldehyde formed according to the method of Arinc et al. (2005) and Nash (1953) . The enzyme reaction was consisted of 50 μl microsomal fractions (0.2 mg protein), 0.5 mM benzphetamine-HCl, 100 mM HEPES buffer (pH 7.7) and NADPH-generating system containing 0.5 mM NADP ＋ , 2.5 mM MgCl2, 2.5 mM glucose 6-phosphate, 0.5 U/ml glucose 6-phosphate dehydrogenase and 14.6 mM HEPES buffer (pH 7.7) in a final volume of 0.3 ml. The tube was incubated for 45 min at 37°C. The reaction was terminated by addition of 1.0 ml of 0.75 N perchloric acid solution. To determine formaldehyde formation from benzphetamine, Nash reagent was added and heated at 60°C for 30 min. After cooling, the absorbance was measured at 412 nm of a spectrophotometer (Cary 1E UV-Visible, Varian Inc., Palo Alto, CA, USA).
Estradiol 2-and 4-hydroxylase assays
E2 2-and 4-hydroxylase activities were established with modification of Wilson and Reed (2001) and Spink et al. (1990) . Briefly, the activity was measured by addition of 40 μM E2 as the substrate (4 μl of 5 mM E2 in methanol was added), 50 μl microsomal fraction (＞0.1 mg protein), 2 mM ascorbic acid and NADPH-generating system that contained 1 U/ml glucose 6-phosphate dehydrogenase, 3 mM MgCl2, 1 mM EDTA, 1 mM NADP ＋ , 5 mM glucose 6-phosphate, and 50 mM phosphate buffer (pH 7.4) in a final volume of 0.5 ml. The tubes were pre-incubated at 37°C for 5 min, and the reaction was started by addition of NADP ＋ solution, and the tube was incubated for 10 min at 37°C. Ethyl acetate of 5 ml was added to the tube on ice. Methyltestosterone (200 ng; 20 μl of 10 μg/ml in methanol) as an internal standard and 1 ml of 1 M K 2 CO 3 were added. After extraction on a shaker and centrifugation, the organic layer was collected and evaporated under nitrogen gas. The residue was derivatized with 50 μl of MSTFA: TMCS (100:1, v/v) mixture at 60°C for 30 min. 2 μl of the solution was analyzed with a gas-chromatography/mass selective detector (GC/MSD).
Determination of enzymatic products by a gas chromatography/mass selective detector (GC/MSD)
The determination of 2-OHE, 4-OHE, estrone and methyltestosterone was performed by using GC/MSD (HP 5890/HP 5972, Hewlett-Packard, Palo Alto, CA, USA) equipped with a capillary column of Ultra-2 (17 m, length× 0.2 mm, inner diameter×0.33 μm, film thickness; J&W Scientific, Folsom, CA, USA). The samples were injected to the instrument by an auto liquid sampler (HP6890 Series), being supported with the GC/MSD ChemStation. The flow rate of helium as the carrier gas was 0.8 ml/min with 50 psi of head pressure. The split ratio was 8:1 and the flow rate of the septum purge vent was 4 ml/min. The injector of the gas chromatograph and transfer line of the ion source were set to 280°C and 300°C, respectively. The initial oven temperature was set to 180°C at which the temperature was increased by a rate of 15°C per min to 260°C and stayed for 6 min. The temperature was sequentially increased by 2°C per min from 260 to 275°C with holding time of 1 min, and finally by 30°C per min from 275 to 300°C with holding time of 5 min. Electron impact mode of the mass selective detector was used, and ionized energy of the mode was 70 eV. The electron multiplier voltage of the detector was 2,000 V. The selected ion monitoring (SIM) mode was used. The selected ions for 2-OHE confirmation were m/z 504, 373, and 267. Ions of m/z 504, 373, and 265 were selected for 4-OHE, and those selected for estrone were m/z 342, 257, and 244. The selected ions for methyltestosterone as an internal standard were m/z 446 and 301. Ions m/z 272, 347 and 362 for androsterone, and m/z 432, 360 and 417 for testosterone were detected. The ions used for quantitation were m/z 504 for 2-OHE and 4-OHE, m/z 342 for estrone, m/z 446 for methyltestosterone, m/z 272 for androsterone, and m/z 432 for testosterone.
Determination of 17β-estradiol metabolites by GC/MSD in urine of female rats
E2 metabolites, androsterone and testosterone in urine samples were determined by GC/MSD with minor modification as previously reported in our lab (Lee et al., 2007) . To 1 ml of urine 100 μl ascorbic acid (1 mg/ml) to protect oxidative reactions, methyltestosterone (200 ng) as an internal standard, 1 ml of 0.1 M acetate buffer (pH 5.2) and 50 μl of β-glucuronidase/arylsulfatase were added. The mixture was incubated in a heating block at 55°C for 3 hr for hydrolysis. And then, 100 mg of K2CO3 were added to adjust pH to 9.0. The organic layer was extracted with 5 ml ethyl acetate on a shaker for 20 min. After centrifugation, the organic layer was separated by using a freezer and evaporated under nitrogen gas. All other steps are the same as in described above.
Statistical analysis
All data are presented as mean ± standard errors. The general linear model (GLM) procedure of SAS (SAS Institute Inc., Cary, NC, USA) was used. Duncan's multiple range test (MEANS) and probability difference (LSMEANS) were used for one way analysis of variance (ANOVA) when F-values showed significance. Student's t test was used to compare gender difference in each group. Values were considered statistically significant at the level of p＜0.05.
RESULTS
Effects of BPA on body and wet organ weights
Body weights were decreased in the group of both female and male rats exposed to 50 mg/kg BPA intraperitoneally for 4 consecutive days, beginning at day 3 in female and day 2 in male when these values are compared Fig. 1 . Effects of BPA on body weights of female and male rats after intraperitoneal administration with 0, 10, and 50 mg/kg/day for 4 consecutive days. Body weights were significantly decreased at 50 mg/kg/day groups of female and male rats. Each value represents the mean ± SEM of five rats/group/sex. The asterisks (*) indicate that the values are significantly different from the control (*p＜0.05, **p＜0.005). to each day of the control group (Fig. 1) . At the last day, body weights of 50 mg/kg BPA groups in female and male were decreased by 10.5 and 18.3%, compared to each control group, respectively. And for 50 mg/kg dosed groups, significant decreases of the body weight in male rats were observed one day earlier than in female rats. These data indicate that BPA treatment has higher effects to male than female rats in the change of body weights. The body weights of rats given 10 mg/kg BPA were not changed in either male or female rats, compared to each control group.
Administration of 50 mg/kg BPA to rats resulted in decrease of organ weights in the liver, lung, kidney, heart, and thymus of female rats (Table I) , and in the liver, lung, kidney, spleen, thymus and seminiferous tubule of male rats (Table II) . No significant changes in reproductive organ weights of female rats were observed, even if the decreasing tendency was remarkable and ovary weights have boundary effects of statistical significance (p=0.059 for ovary; Table I ). The ratios of the wet organ to the body weight were decreased in the liver and thymus of female rats given 50 mg/kg BPA, compared to the control (Table  I ). The ratios of the wet organ to body weight were significantly changed in the liver, spleen, thymus, testis, and seminiferous tubule of male rats exposed to 50 mg/kg dose of BPA (Table II) . The ratios of the wet spleen and reproductive organ to body weight were significantly decreased in male, but not female rats exposed to 50 mg/kg BPA. The wet liver weights in 50 mg/kg BPA groups of female and male rats were 73 and 64% to each control, indicating that male rats were also more vulnerable to the changes of liver weight than female rats. In the spleen, the difference of changes of the wet weight between female and male is much larger. The thymus weights in female and male rats were similarly decreased to about 50% to the controls, resulting in the most sensitive organs among all organs studied.
Determination of 2-OHE, 4-OHE and estrone by GC/MSD for enzyme assays and urine analysis
2-OHE, 4-OHE and estrone, the products of the enzymes E2 2-and 4-hydroxylase and 17β-hydroxysteroid dehydrogenase, respectively, were produced from the substrate E2. To determine these enzyme products in the reaction medium using E2 as the substrate and these metabolites in urine of rats treated with BPA, a GC/MSD/selected ion monitoring method was used. The retention times of the typical chromatograms of authentic 2-OHE, 4-OHE, estrone, and methyltestosterone (used as the internal standard) were to be 14.1, 15.1, 10.6 and 13.2 min, as shown in Fig. 2 , A. No 2-OHE and 4-OHE peaks were detected in the enzyme medium of the blank sample that the substrate was not added in hepatic microsomal fraction from female and male rats, indicating that no interfering peaks were found at the retention time of 2-OHE and 4-OHE (Fig. 2B and D) . The regression coefficients for calibration of 2-OHE, 4-OHE and estrone were 0.9951, 0.9916, and 0.9891 (y=0.0293×−0.2539, y=0.0207×−0.1937 and y=0.0704×−0.1679), respectively for the ranges from 5-250 ng/ml, showing good linearity and higher precision less than 15% bias (data not shown). High abundance of 2-OHE, 4-OHE and estrone peaks were observed in the complete enzyme medium with cofactors, substrate and hepatic microsomal fractions from male and female rats ( Fig. 2C and E) . Since E2 is metabolized to 2-OHE, 4-OHE and estrone, we also determined these metabolites in the presence of ascorbic acid in urine of female rats. While 2-OHE was detected in the urine samples, no 4-OHE and estrone metabolites were found in urine samples of BPA-treated rats (Fig. 2G) .
Decreases of benzphetamine N-demethylase activity by BPA
Optimal conditions of substrate concentration, incubation time and microsome amount for benzphetamine N-demethylase activity were established by a preliminary experiment to be 0.5 mM benzphetamine-HCl, 45 min, and 0.2 mg microsomal enzyme, respectively (data not shown). The calibration curve of standard formaldehyde was ranged from 0 to 6.7 μg/ml and showed a good linearity (y=0.5298×−0.002; r 2 =0.9997). The effect of BPA on benzphetamine N-demethylase activity was observed. The activity was 0.204 ± 0.017 nmole/min/mg protein in control group of female rats. The enzyme activity was significantly decreased after treatment of BPA in 10 and 50 mg/kg BPA (10 mg/kg, 0.155 ± 0.010; 50 mg/kg, 0.145 ± 0.009 nmole/ min/mg protein; F2,12=6.63, p=0.012) by 24 and 29%, respectively, compared to control. Although benzphetamine N-demethylase is expressed by various different isoforms of CYP, CYP2B1 is a major subfamily for being measured by benzphetamine N-demethylase activity (Armstrong and Hollenberg, 1999) . Therefore, BPA inhibits the CYP2B1 subtype in rats treated with 10 and 50 mg/kg BPA.
Effects of BPA on estradiol 2-and 4-hydroxylase activities
Effects of BPA treatment on the enzymes: Optimal conditions for estradiol 2-hydoxylase assay were determined (data not shown). The optimal substrate concentration of 17β-estradiol was 40 μM, and 0.1 mg of microsomal protein and 5 min for incubation time were selected for the assay. Enzyme medium and urine samples included ascorbic acid to protect the oxidative metabolism of 2-and 4-OHE. The reaction of the microsomal protein to BPA in vitro resulted in remarkable inhibition of estradiol 2-hydoxylase activity and 50% inhibition concentration was observed at about 40 μM BPA (Fig. 3) .
E2 2-hydroxylase activity in female rats was inhibited by 46% at 10 mg/kg BPA group and by 56% at 50 mg/kg group in hepatic microsomal fraction, compared with the control. The same enzyme activity was inhibited by 68% at the 10 mg/kg dose and by 82% at the 50 mg/kg dose BPA of male rats. No inhibition of the enzyme activity was found either in kidney or lung of male and female rats given 10 or Fig. 2 . Chromatograms from the authentic compounds (A), blanks in female (B) and male (D) rats in the absence of hepatic microsomal enzyme, and samples of hepatic microsomal fractions in female (C) and male (E) rats were shown in each panel. Enzyme reaction was made and the enzyme products were determined by GC/MSD as described in the Materials and Methods section. And for the analysis of estrogen metabolites in urine of female rats treated with BPA, chromatograms of estrogen metabolites were presented for authentic compounds (F) and a urine sample (G). MT: methyltestosterone, 2-OHE: 2-hydroxyestradiol, 4-OHE: 4-hydroxyestradiol. Fig. 4 . Estradiol 2-hydroxylase activity in liver, lung, and kidney microsomal fractions of male and female rats. Experimental conditions were carried out as described in the Materials and methods. Each value represents the mean ± SEM of five animals. The asterisks (*) indicate that the values are significantly different from the control (*p＜0.05). # Student's t test between male and female rats in each group was analyzed to compare gender difference (p＜0.005). Fig. 3 . In vitro inhibition of E2 2-hydoxylase activity by BPA. Various BPA concentrations (0-1,000 μM) were added to reaction mixture with the hepatic microsomal fractions of BPA untreated female rats (0.1 mg protein) and 40 μM 17β-estradiol as substrate as described in the Materials and Methods section in detail. The reaction of the hepatic microsomal protein to BPA in vitro resulted in the inhibition of E2-2 hydroxylase activity. The log-dose response curves are showed in the inset. 50 mg/kg BPA (Fig. 4) . The inhibitory percentages of E2 4-hydroxylase were both 57% at 10 mg/kg doses and 54% and 78% at 50 mg/kg doses in female and male hepatic microsomal fractions, respectively. No E2 4-hydroxylase activity was inhibited by BPA in the kidney and lung tissues of male and female rats (Fig. 5) .
Effects of gender on the enzymes: By using student's t-test, we compared the activity of E2 2-hydroxylase of male rats to that of female rats in each group. The differences of E2 2-hydroxylase activity were found in the hepatic microsomal fraction of the control (p＜0.0001) and 10 mg/kg dose (p=0.009) groups, and in all groups (p=0.004 for control; p=0.008 for 10 mg/kg; p=0.018 for 50 mg/kg) of lung tissues, but not in kidney tissues (Fig. 4) . The comparison of E2 4-hydroxylase activity between male and female rats results in the difference in the hepatic microsomal fraction of control group (p＜0.0001), in lung tissue of control (p=0.003) and 50 mg/kg dose (p=0.005) groups, and in Fig. 6 . Urinary excretion rates of 2-OH, testosterone and androsterone in the urine of female rats. The urinary excretion rate of androsterone, testosterone and 2OHE were significantly decreased in 0-24, 48-96 and 0-96 hr periods, respectively. The asterisks (*) indicate that the values are significantly different from the control (*p＜0.05). kidney tissue of 50 mg/kg dose (p=0.011) group (Fig. 5) .
Effects of BPA on urinary excretion of androsterone, testosterone and 2-OHE
Endogenous androsterone, testosterone and 2-OHE metabolites in urine of female rats administered to 10 and 50 mg/kg BPA or vehicle were shown in Fig. 6 . The urinary excretion rates of metabolites androsterone (0-24 hr), testosterone (48-96 hr) and 2-OHE (0-96 hr) in urine were significantly decreased at 50 mg/kg dose group, compared to the control group (Fig. 6) . The urinary excretion rates of androsterone, testosterone and 2-OHE were not changed in the 10 mg/kg dose group. This results support that 50 mg/kg dose of BPA treatment inhibits the metabolism of E2 to 2-OHE in rats, and decreased excretion of androsterone and testosterone into urine.
DISCUSSION
In this work, we measured E2 2-and 4-hydroxylase activity in female and male rats administered to 10 and 50 mg/kg BPA with the purpose to investigate whether BPA has effects on the change of the enzyme activity and has effects on gender difference. In our study, the body weights of male and female rats were decreased at 50 mg/kg BPA group. Several organ weights were decreased in either male or female rats. As a result, the body and liver weights were more decreased in male than female rats. It has been reported that BPA decreased body and several organ weights of male rats after intraperitoneal administration of BPA at 40 mg/kg/day for 4 consecutive days (Hanioka et al., 1998) . Takahashi and Oishi (2003) reported that subcutaneous treatment of BPA at a dose of 200 mg/kg/day for 4 weeks significantly decreased the testis and seminal vesicle weights in rats, and subcutaneous treatment of BPA is more toxic than oral administration. And the area under the time-plasma concentration curve of BPA was 245 times higher by subcutaneous than oral administration (Pottenger et al., 2000) , suggesting that the dependence of administration routes on BPA toxicity is due to the difference in toxicokinetics. No reports of gender difference in rats exposed to BPA were found. Our data showed that reproductive organs in male rats were more affected than in female rats (Table I and II) . Ovary and uterus weights were not changed, but the seminiferous tubule weight was significantly decreased in 50 mg/kg BPA group, compared to the control. In liver and spleen weights, the inhibition percentage in male rats was higher than that in female rats. BPA is known to be converted to the reactive metabolites. The relative amount of BPA reactive metabolites may be higher in male than female rats, since hepatic E2 2-and 4-hydroxylase activity were about 5-and 3-fold higher in male than in female rats, respectively ( Fig. 4 and 5) .
Endogenous estrogens are hydroxylated at multiple positions by hepatic and non-hepatic microsomal monooxygenase systems. In mammal, hepatic CYP catalyzes NADPH-dependent oxidation of estrogens to various hydroxylated or keto metabolites (Zhu and Conney, 1998, Review) . 2-Hydroxylation is the major microsomal metabolic pathway of E2 in the liver of all mammalian species including humans (Dannan et al., 1986; Hammond et al., 1997; Zhu and Conney, 1998; Badawi et al., 2001) . In the oxidation of E2 by liver microsomes of female Sprague-Dawley rats 4-hydroxylation is only a minor pathway (Mesia-Vela et al., 2002) . In our experiment, E2 2-hydroxylase activity is higher than E2 4-hydroxylase activity in liver (Fig. 4 and 5) . Our results showed that E2 2-hydroxylase activity in liver is higher in male than female rats (Fig.  4) . These results agree with the report of Suchar et al. (1995) that liver microsomes from male rats were more active those from female rats at catalyzing 2-OHE.
Hepatic hydroxylation of E2 to catechols 2-OHE and 4-OHE in rats is catalyzed by CYP1A1/2, 1B1, 2B1/2, 2C11 and 3A (Yager and Liehr, 1996; Zhu and Conney, 1998; Dawling et al., 2003) and the subfamily CYP1B1 has been identified as a major enzyme catalyzing 4-hydroxylation of E2 (Markides and Liehr, 2005) . Furthermore, 2-OHE can be metabolized to 2-methoxyestradiol that has an inhibitory effect on cell proliferation (Seegers et al., 1989; Fotsis et al., 1994; Klauber et al., 1997) . In addition, 2-methoxyestradiol disrupts microtubule function and is a potent inhibitor of angiogenesis. Most of cellular effects of 2-OHE are mediated by 2-methoxyestradiol that is devoid of estrogenic activity (Zacharia et al., 2004) . Methoxyestradiols exert feedback inhibition on CYP1A1 and 1B1, reducing the oxidative metabolism of E2 to 2-OHE and 4-OHE (Dawling et al., 2003) . BPA also interacts with rat hepatic CYP1A2, 2A2, 2B2, 2C11 and 3A2 (Hanioka et al., 2000) . The result of our work showed the suppression of E2 2-and 4-hydroxylase activity by BPA in the liver of male and female rats. Suppression of E2 2-hydroxylase activity may result in less production of 2-OHE that is finally lowered the level of 2-methoxyestradiol. The feedback mechanism of methoxyestradiols may increase expression of CYP1A1 and 1B1 (E2 2-and 4-hydrxoylase, respectively), where these enzymes can be used in metabolizing BPA and E2, thus resulting in the inhibition of E2 2-and 4-hydrxoylase activity. It suggests that the suppression of this enzyme disrupts the function of estrogen metabolism.
It is already known that the actions of endocrine disruptors are assumed to be mediated through estrogen receptors, presumably translocating the receptor-ligand complex from the cytoplasm to the nucleus, and inducing the synthesis of estrogen receptor-regulated proteins. BPA exhibited a greater competitive ability for binding to β -estrogen receptor than α-estrogen receptor (Takemura et al., 2005) . The binding of these chemicals to novel estrogen receptors other than α-or β-estrogen receptor is also plausible (Das et al., 1997; Arcaro et al., 1999) . Endocrine disruptors mimic hormones, block and alter hormone binding to receptors, and/or alter the metabolism of natural estrogens (Soto et al., 1995) . CYP1B1 is responsible for 4-hydroxylation of E2. In human, the 1B1 is regulated by estrogen via estrogen receptor (Tsuchiya et al., 2004) . Since BPA has been reported to bind estrogen receptors (α and β) and to play either estrogenic or anti-estrogenic roles in vitro (Hiroi et al., 1999; Kurosawa et al., 2002; Takemura et al., 2005) , the decreases of E2 4-hydroxylase activity in the target tissue may be due to the competitive binding of BPA to the enzyme with estrogen.
BPA treatment also resulted in significant decreases of the urinary excretion of the metabolite 2-OHE, testosterone and androsterone, depending on time intervals compared to their controls. Androsterone is a metabolite produced from testosterone that can be aromatized to E2 in the ovary or the testis. In our data, excretion rate of testosterone was highly correlated with that of 2-OHE as r 2 =0.894 at 10 mg/kg BPA and r 2 =0.922 at 50 mg/kg BPA groups, compared to r 2 =0.076 of the control. Since the urine volume was also significantly decreased in 50 mg/kg BPA group, compared to the control (data not shown), the decrease of the urinary excretion rate of 2-OHE may be due to depression of the kidney function as well as hepatic inhibition of the enzyme. The levels of BPA in liver and kidney tissues were reported to be 2 to 4-fold higher than those of the plasma 30 min after a single intravenous administration of 10 mg/kg BPA to pregnant rats (Moors et al., 2006) . The rapid distribution of BPA to highly bloodperfused organs such as liver and kidney may be sufficient to alter normal functions of the organs.
Taken it together, BPA treatment decreased E2 2-and 4-hydroxylase activity in hepatic microsomal fraction, but not lung and kidney of female and male rats. These data indicate that the effects of BPA on E2 2-and 4-hydroxylase activity are different among liver, kidney, and lung tissues. The differences of E2 2-and 4-hydroxylase activity on genders suggest that the enzymes are specific to gender. These results provide evidence that BPA disrupts the estrogen metabolism differentially by inhibiting E2-2 and 4-hydroxylase activity at relatively high doses of BPA in both male and female rats.
